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Summary
Halorhodopsin is a light-driven chloride anion pump
in which the trans/cis photoisomerization of a reti-
nal chromophore triggers a photocyle resulting in the
translocation of chloride across the plasma membrane.
The mechanism of chloride transfer past the cis reti-
nal is determined here by computing multiple path-
ways for this process. The calculations reveal two
conditions of the valve mechanism. First, a lumen
absent in the ground state structure is transiently
opened by chloride passage. Second, this activated
opening, which is achieved by flexible deformation of
the surrounding protein, is shown to significantly
raise the chloride translocation barrier between pho-
tocycles, thus preventing chloride backflow. Unlike
macroscopic valve designs, the protein allows dif-
ferential ion flows in the pumping and resting states
that are tuned to match the physiological timescales
of the cell, thus creating a “kinetic” valve.
Introduction
Ion pumps are fundamental for converting and storing
energy in living systems. Using an external energy
source, the pumps translocate ions across the mem-
brane, thus building electrochemical gradients, which
then serve to drive physiological processes such as
ATP synthesis or propagation of action potentials along
axons. Ion pumps are sophisticated molecular ma-
chines, which must accomplish several functions: in
addition to driving the ionic transport, they must pos-
sess valve mechanisms that prevent dissipation of the
ion gradients they create. How such molecular valves
are designed at the molecular level has been unclear.
Here we examine this question by performing molecu-
lar mechanics simulations of halorhodopsin, the only
anionic pump for which an atomic-resolution three-
dimensional structure exists.
Halorhodopsin is a member of the family of light-acti-
vated retinal proteins found in the membrane of Ha-
loarchaea. The role of this light-driven inward-directed
chloride pump is to maintain osmotic pressure during
cell growth (Schobert and Lanyi, 1982; Oesterhelt,
1995). Halorhodopsin shares high sequence homology
with bacteriorhodopsin, a light-driven proton pump that
possesses the same topology (Mukohata et al., 1999;*Correspondence: stefan.fischer@iwr.uni-heidelberg.deIhara et al., 1999): seven transmembrane helices (see
Figure 1A) and one retinal chromophore covalently at-
tached via a protonated Schiff base linkage to a lysine
on helix G (Oesterhelt, 1995; Alshuth et al., 1985). Ab-
sorption of green light by the retinal in the all-trans con-
figuration (Figure 1B) is followed by isomerization of the
C13=C14 double bond to cis. After relaxation to the
electronic ground state the protein is left in a high-
energy configuration, initiating a photocycle during
which gradual release of the energy is used to transfer
chloride ions between different binding sites, resulting
in the net translocation of one chloride from the extra-
cellular to the cytoplasmic side of the membrane (Váró
et al., 1995a; Losi et al., 2001).
Several kinetic models of the photocycle involving
branching pathways or different numbers of early inter-
mediates have been suggested (Lanyi, 1990). A simpli-
fied scheme that agrees with most of the available
spectroscopic and kinetic data has been proposed for
halorhodopsin of Halobacterium salinarum (Váró et al.,
1995b; Oesterhelt et al., 1985):
where the subscripts indicate absorption wavelengths
and steps 1 to 3 correspond to the chloride transfer
steps shown in Figure 1A. Formation of each spectro-
scopic intermediate in the photocycle is coupled to
charge motions in the protein (mostly chloride translo-
cation), as shown by photovoltaic experiments (Kalaid-
zidis et al., 1998; Ludmann et al., 2000). Such experiments
however do not provide the exact location of the chlo-
ride at each step of the photocycle. The only unambig-
uous chloride position is known for the ground state
HR578, which has been crystallized (Kolbe et al., 2000).
In this crystal structure, the chloride is proximal to the
all-trans retinal whose protonated Schiff base points to-
ward the extracellular side (Figure 1C). There, the
deeply buried anion is stabilized by electrostatic in-
teractions with the positively charged Schiff base and
Arg108, as well as by three water molecules and by the
hydroxyl groups of several serine side chains (Kolbe et
al., 2000; Braiman et al., 1994). An essential step of the
photocycle after retinal isomerization is the transloca-
tion of chloride away from this binding site, with the
chloride passing from below to above the retinal as
viewed in Figure 1C. This primary transfer step, which
constitutes the focus of the present paper, has been
proposed to be driven by electrostatic interactions be-
tween the chloride anion and the positively charged
Schiff base, whose N-H bond has been reoriented to-
ward the cytoplasmic side by the photoisomerization
(Lanyi, 1984; Dér et al., 1985; Ames et al., 1992; Warshel,
1978). Based on FTIR and photoelectric measurements,
the microsecond decay of the HR600 intermediate to
HR520 (step 1) has been assigned to the primary chlo-
ride transfer step (Kalaidzidis et al., 1998; Ludmann et
al., 2000; Kolbe et al., 2000; Walter and Braiman, 1994).
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618Figure 1. The Primary Chloride Transfer Step
(A) Arrows indicate the direction of chloride transfer through halorhodopsin: photocycle steps 1, 2, and 3 (see Introduction) correspond,
respectively, to passage past retinal, chloride release, and chloride uptake. The ground state structure is shown, with the chloride (green
sphere) below the Schiff base nitrogen (blue) of the all-trans retinal (orange). A palmitate molecule (gray) is seen in the crystal.
(B) Retinal in all-trans configuration showing the Schiff base linkage to Lys242.
(C) The crystallographic all-trans ground state is shown in orange. The reactant state of the primary chloride transfer (step 1) with retinal in
13-cis is in yellow. The chloride ion is shown as sphere and the inner surface of the protein is in gray (nearby waters are numbered as in the
crystal, PDB entry 1E12).
(D) Kinetic valve mechanism. Chloride positions 1 and 4 represent solvated chloride on either side of the membrane. Positions 2 and 3
represent chloride bound to either side of retinal (as in Figures 2B and 2C, respectively). The energy levels of three chloride translocation
scenarios are shown: (I) During active pumping (wavy blue curve), the all-trans to 13-cis retinal photoisomerization stores about 15 kcal/mol
in the protein (Losi et al., 2001), while chloride is in position 2. This is followed by the primary chloride transfer (+ + +, from path 2) over a
small 9 kcal/mol barrier (i.e., open valve) to position 3 and gradual relaxation as chloride moves into the cytoplasm (position 4). (II) Between
pumping cycles (full red curve), chloride reversibly binds to position 2 near all-trans retinal (binding energy is −3 kcal/mol, Schobert et al.,
1984). This is followed by chloride passage past retinal (CCCC, values, from the computed MEP) over a large 28 kcal/mol barrier and
unbinding on the cytoplasmic side of the membrane. The barrier for backflow is 28 − 3 = 25 kcal/mol, i.e., the valve is kinetically closed. (III)
Chloride leakage (dotted red line) in the hypothetical absence of the energetic cost of lumen opening (EI = 10 kcal/mol), which would result
in a backflow barrier EII of only 15 kcal/mol.The crystal structure of ground-state halorhodopsin p
araises several important questions regarding the mech-
anism of primary chloride transfer. First, there is no S
tspace around retinal wide enough for a chloride ion toass (see Figure 2A). How, then, does the protein open
passage, and on which side of retinal (on the side of
er115 or of Asp238, see Figure 2B)? Second, what are
he rate-limiting factors that are responsible for the
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(A) The reactant state of primary chloride transfer, viewed from the
cytoplasmic side, showing that the passage from the extracellular
side is too narrow for chloride (Van der Waals radius of 2.27 Å, in
green). Retinal and Lys242 are in yellow (Schiff base nitrogen in
blue). Oxygens of surrounding side chains are in red.
(B) Cavities (light green) for chloride (dark green) and waters (not
shown) in the reactant state. Arrows indicate putative routes for
chloride on the Ser115 or on the Asp238 side of the retinal.
(C) Cavities in the product state, showing the chloride in its most
stable position above retinal (see Experimental Procedures).microsecond timescale of this process; for example,
which residues play a role in raising/lowering the corre-
sponding activation barrier? Finally, an important fea-
ture of halorhodopsin as a pump is to be able to pre-
vent chloride backflow in the resting state. For this
purpose, the protein must possess one or several mo-
lecular valves that hinder the chloride leakage between
pumping cycles and open when the protein is light acti-
vated. Is such a valve involved in the primary chloride
transfer step?
To address these questions, we have used an effi-
cient method (Fischer and Karplus, 1992) for computing
Minimum Energy Paths (MEP) in proteins to exhaustively
search for chloride transfer pathways. These MEPs de-
scribe the motion of the chloride ion and of the sur-
rounding protein, for which all degrees of freedom are
energy optimized. When entropy changes are negligi-
ble, which has been shown to be the case for the pri-
mary chloride transfer (Váró et al., 1995a; Losi et al.,
2001), the MEPs with the lowest energy barriers are the
most probable pathways. These trajectories can be fol-
lowed as molecular movies (available under http://www.
iwr.uni-heidelberg.de/groups/biocomp/fischer/). The cal-
culations reveal that: (1) chloride pathways on the
Ser115 side of retinal have activation barriers consis-
tent with the experiment, while pathways on the
Asp238 side are energetically forbidden. Pathways
computed for the Ser115Ala mutant are found to have
barriers similar to the wild-type, explaining the pheno-
type of this mutation. (2) Long-range protein flexibility
allows the transient opening of a passage for chloride
through collective displacement of nearby helices,
which is facilitated by built-in “breaking-points.” (3)
Pathways computed in the ground state of the protein
show that this activated opening constitutes a concep-
tually new kinetic valve mechanism by which backflow
of chloride anions is slowed down between pumping
cycles.
Results
Transfer End States
In the absence of published crystal structures corre-
sponding to the end states of the primary chloride
transfer, which both have retinal in 13-cis, these were
derived from the all-trans ground state crystal structure.
This is feasible because no major conformational change
is expected to occur between these states, given the
fast timescale of the early steps of the photocycle and
that illumination of the ground state crystal initiates a
photocycle without breaking the crystal (D. Oesterhelt,
personal communication). The reactant state was built
by replacing in one monomer the coordinates of retinal
and Lys242 with those of 13-cis retinal from the crystal
structure of the K intermediate of bacteriorhodopsin
(PDB code 1QKO) (Edman et al., 1999). The structure
was then subjected to energy minimization to allow re-
laxation of the protein environment around the 13-cis
retinal. The resulting structure is very similar to the
ground state (Figure 1C), with a root mean square devi-
ation of onlyw0.3 Å. The chloride position remains un-
changed, consistent with FTIR data showing mainte-
nance of the anion-Arg108 interaction in the HR600
Structure
620intermediate (Braiman et al., 1994). The structure is also H
avery similar to the crystal structure of an HR600 state
(Gmelin, 2003).
The product state structure was derived from the re- S
actant state by moving the chloride into different sites L
above the 13-cis retinal. Two sites could accommodate s
the anion. One position near Thr203 has been sug- p
gested based on the observation that the Thr203Val f
mutation abolishes chloride transport (Rüdiger and 2
Oesterhelt, 1997). A cavity large enough to accommo- c
date the chloride ion is indeed present below Thr203 a
(see Figure 2B). However, this “Thr203 site” would not h
be consistent with FTIR and Raman spectroscopic data r
(Walter and Braiman, 1994; Gersher et al., 1997), ac- t
cording to which, early in the photocycle, the chloride w
moves closer to the Schiff base with which it estab- c
lishes a stronger interaction in HR520 than in HR600. A t
location consistent with the FTIR/Raman data is inside p
a small cavity between retinal and Ser115 (Figure 2C). P
There, the chloride makes a salt bridge with the Schiff P
base. The potential energy of the Thr203 site is 17 kcal/ 2
mol higher than that of the “Ser115 site.” To account (
for a difference in the solvation self-energy of the chlo- d
ride the Poisson-Boltzmann equation was solved (see d
Experimental Procedures) with chloride in each of the l
two sites. The solvation self-energy was found to be 4 i
kcal/mol in favor of the chloride position near Thr203, S
which is located slightly closer to the bulk solvent than o
Ser115. The sum of potential and solvation energy is
thus 13 kcal/mol in favor of the chloride being in the R
Ser115 site, which was used for the present product T
state. e
The differences between the initial (reactant) and final a
(product) states of the primary transfer step are small. c
The three water molecules that hydrate the chloride ion (
in the reactant (Figure 1C) reorient in the product so as c
to establish more favorable hydrogen bonds with each a
other and neighboring residues. In the product state the e
Schiff base twists toward the chloride (compare [B] and a
[C] in Figure 2) and water w79 moves toward the retinal T
and establishes a hydrogen bond with the chloride ion t
(not shown). The calculated energy difference between b
the product and reactant structures is small at −2.5 r
kcal/mol, close to experimental values of −0.5 and −2.5 a
kcal/mol obtained for the energy difference between c
HR520 and HR600 in salinarum and pharaonis halorho- m
dopsins, respectively (Váró et al., 1995a, 1995b; Losi et c
al., 2001). Decomposition of the energy function reveals t
that the favorable interactions of the chloride with its c
hydrating water cluster, Arg108 and Ser115, in the reac- E
tant state are compensated in the product by the in- k
creased distance between the chloride and the nega- c
tively charged Asp238, as well as by the improved c
interactions of the anion with the Schiff base and water k
w79. In this way, the protein achieves one important l
objective of the first transfer step, which is to prevent n
too much dissipation of the energy stored after photo- s
isomerization, thus keeping the protein “activated” r
enough to drive the subsequent transfer steps (2 and r
3, see Figure 1A) of the photocycle. Interestingly, once t
in the product conformation, a passage for chloride to m
the cavity near Thr203 is partially opened (Figure 2C), m
possibly preparing the next step of chloride transfer.owever, whether the Thr203 site would correspond to
long-lived intermediate is unclear.
earching for Pathways
ike in the crystal structure of the all-trans ground
tate, the reactant and product structures are tightly
acked around the 13-cis retinal, allowing no passage
or chloride translocation past the chromophore (Figure
A). Two types of route for chloride passage are con-
eivable (see Figure 2B): one passes between helix C
nd the retinal (the “Ser115 side”), the other between
elix G and the retinal (the “Asp238 side”). For either
oute, the chloride could pass by various places along
he retinal chain. Twenty-three different chloride routes
ere each approximated by an initial path in which the
hloride route goes through a randomly chosen posi-
ion around retinal, as shown in Figure 3A. Each initial
ath was refined into the nearest MEP by the Conjugate
eak Refinement (CPR) algorithm (see Experimental
rocedures) (Fischer and Karplus, 1992). The resulting
3 MEPs clustered into only four distinct pathways
labeled 1 to 4), each of which is characterized by a
ifferent saddle point of the energy surface, i.e., by a
ifferent transition state structure. The trajectories fol-
owed by the chloride along these four paths are shown
n Figure 3B. Paths 1 to 3 have chloride routes on the
er115 side, whereas path 4 has the chloride passing
n the Asp238 side.
ole of Protein Flexibility
he energy barriers along the four pathways, whose en-
rgy profiles are shown in Figure 4A, depend on the
mount of protein flexibility allowed during the path cal-
ulations. When a region of 46 residues around retinal
called here the “core region,” see Experimental Pro-
edures) is allowed to be mobile, but the remaining
toms are fixed, the energy barriers of all four pathways
xceed 23 kcal/mol (Table 1). This is much too high for
process that occurs on the microsecond timescale.
o test whether more protein flexibility would facilitate
he opening of a passage for chloride by lowering the
arrier, the mobile region was extended: path 1 was
ecomputed with atoms up to an additional 8.5 Å radius
round the core region allowed to be mobile (thus en-
ompassing almost the entire halorhodopsin mono-
er). Figure 4B shows that the energy barrier de-
reases and stabilizes around a value of 9 kcal/mol as
he size of the mobile region increases. This barrier is
onsistent with a microsecond timescale (assuming
yring’s standard rate law kBT/h exp[−E‡/kBT], where
B, h and T are the Boltzmann constant, the Planck
onstant and the temperature, respectively) and is
lose to the experimental enthalpy of activation of 8 ± 2
cal/mol measured for the homologous pharaonis ha-
orhodopsin (Váró et al., 1995a; Losi et al., 2001). It is
oteworthy that this decrease in barrier height is not
imply due to a decrease in the energy of the product
elative to the reactant, which could pull down the bar-
ier artificially. Indeed, the energy difference between
he geometry-optimized reactant and product states re-
ains near the experimental value for any extent of the
obile region, as shown in Figure 4C.
Since the barrier height converges for mobile regions
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(A) The 23 randomly placed intermediate chloride positions (small
spheres) used to build different initial guesses of the path by linear
interpolation (dotted line, shown only for one path) from the reac-
tant (R) to the product (P) chloride position (large green spheres).
Color coding of the small spheres indicates into which of the four
different MEPs (see [B]) each initial path will be refined.
(B) Positions of chloride along the four different MEPs (chain of
small spheres, the bigger sphere indicating the transition state) that
result from Conjugate Peak Refinement of the 23 initial paths de-
scribed in [A]: path 1 (yellow), path 2 (blue), path 3 (red), and path
4 (purple). In both panels the protein is in the product conformation,
and its inner surface shown in gray.Figure 4. Role of Protein Flexibility
(A) Energy profile along the four MEPs (see Figure 3B) computed
either with a core region (open symbols) or with an extended region
(filled symbols) of mobile atoms around the retinal (the regions are
defined in Experimental Procedures). The transition states are indi-
cated by an asterisk. The reaction coordinate λ is the normalized
sum up to any given point along the path of the change in all atomic
coordinates, measured as an RMS difference (Fischer and Kar-
plus, 1992).
(B and C) Barrier height and energy difference between optimized
reactant and product structures of path 1 as a function of the size
of the mobile region (additional distance around the core region,
see text). The experimental enthalpies are indicated by dashed
lines.
(D) Contribution from individual protein residues to the energy bar-
rier of path 2. For a given residue, this is the sum of the self-energy
of that residue plus half the interaction energy between that residue
and the rest of the system.of 5.5 Å or more around the core region (i.e., about 10 Å
around the Schiff base), an “extended region” of mobile
atoms consisting of the core region plus a layer of 6 Å
was used to recompute MEPs for all 23 initial guess
paths. The resulting MEPs cluster again into only four
distinct pathways whose chloride routes are essentially
the same as obtained with the mobile core region. How-
ever, the increase of the mobile region leads to a signifi-
Structure
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E‡ (Core Region)a E‡ (Extended Region)a
Path 1 25.3 9.4
Path 2 23.3 9.2
Path 3 29.4 17.2
Path 4 52.9 41.3
Values are expressed as kcal/mol.
a Region around retinal allowed to move (see text).cant decrease of the energy barrier for all four pathways,
as seen in Table 1. These pathways are described in the
next sections and are available as molecular movies
(see the URL above).
Ser115 Routes
FIn paths 1, 2, and 3 the chloride moves past the retinal
(on the side of Ser115 (see Figure 3B). Paths 1 and 2
chave the lowest energy barriers (Table 1), which are
tconsistent with experiment (Váró et al., 1995a; Losi et
a
al., 2001). Both pathways have similar chloride routes T
and the same sequence of events, which is as follows. v
First, the chloride moves up toward the Schiff base. For w
athis, the lumen between retinal, Ser115 and Ser73 (seen
(in Figure 2A), enlarges transiently. Meanwhile, the chlo-
hride maintains its hydrogen bonds with water molecule
w
w24 and the hydroxyl group of Ser115, which both ac- s
company the anion until after the transition state is r
passed and the lumen starts reclosing. These hydrogen t
bonds are replaced by a salt bridge with the Schiff
base, which twists toward the chloride while water w24
returns to its starting position, and by a hydrogen bond T
cwith water w79, which moves toward the retinal while
the hydroxyl group of Ser115 returns to its reactant ori- e
pentation. The total volume of the three cavities near the
retinal Schiff base (shown in Figures 2B and 2C) tran-
siently increases by up to 65 Å3, so as to allow the E
Topening of the lumen. This is only slightly more than
the volume of a chloride van der Waals sphere (w50 Å3). c
LFigure 5A shows that the maximum volume increase
is reached when the chloride is in the transition state p
pposition, i.e., when the energy is maximal. The lumen
forms by transiently extending a shaft from the cavity w
i“below” the Schiff base (see Figure 2B), following which
the cavity returns to its original volume. The small cav- b
nity directly “above” the Schiff base has to increase by
about 40 Å3 to accommodate the chloride in the prod- C
buct configuration. In the product state the cavity situ-
ated near Thr203 also increases by about 25 Å3 relative i
tto the pretransfer state.
In path 3 the chloride route first goes toward the io- d
snone ring of retinal and then passes behind the side
chain of Ser115 (as viewed in Figure 3B). Thus, the dis- t
ptance between the chloride anion and the Schiff base
increases until the transition state is reached, unlike in 1
lpaths 1 and 2 in which this distance is shorter at the
transition state than in the reactant. Consequently, the c
selectrostatically favorable chloride/Schiff base interac-
tion does not contribute to lowering the energy barrier i
tin path 3, whereas it does so in paths 1 and 2. At the
transition state of path 3 the Schiff base twists signifi- “
rcantly toward Asp238 so as to establish a salt bridge.igure 5. Protein Breathing Allows Transient Lumen Opening
A) Changes in the volume of cavities nearby the retinal during the
hloride transfer of path 2. The cavity below the Schiff base holds
he chloride in the reactant state (see Figure 2B), the cavity directly
bove the Schiff base holds the chloride after transfer (Figure 2C).
he cavity near Thr203 is visible in Figures 2B and 2C. The “total”
olume of these three cavities is plotted. The cavity boundaries
ere taken as the contact point of a rolling sphere (radius 1.3 Å) in
bsence of the chloride and water molecules inside them.
B) Corresponding change in the overall volume of the protein (i.e.,
alorhodopsin monomer and its cavities). The protein boundary
as taken as the contact point of a rolling sphere (different radii,
ee inset), in presence of the chloride and water molecules. The
eaction coordinate λ is described in Figure 4A; its value at the
ransition state is shown by a vertical dashed line.his is not enough, though, to compensate the weaker
hloride/Schiff base interaction and results in a high
nergy barrier of 17.2 kcal/mol, which indicates that
ath 3 is unlikely.
nergy Decomposition
o better understand the relative roles played by the
hloride (Cl), the retinal (including the side chain of
ys242), and the rest of the protein (including water and
almitate molecules, denoted here as PROTEIN), the
otential energy along the preferred pathway (path 2)
as decomposed into five terms: two self-energies (ret-
nal-self and PROTEIN-self, the self-energy of chloride
eing zero here) and three interaction energies (Cl/reti-
al, PROTEIN/Cl, and PROTEIN/retinal). In Figure 6A the
l/retinal interaction term is seen to gradually decrease
y 25 kcal/mol along the path, reflecting the increas-
ngly favorable interaction of the anion with the posi-
ively charged Schiff base as this ion-pair distance
ecreases. This confirms that the increased ion-pair
eparation resulting from retinal photoisomerization is
he “driving force” for the primary chloride transfer, as
roposed in previous theoretical studies (Warshel,
978). It is also the only term that contributes to
owering the energy barrier at the transition state (lo-
ated at λ = 0.44 Å in Figure 6). In contrast, the retinal-
elf term undergoes minor variations along the path,
ndicative of negligible strain in the retinal chain during
he transfer. The three remaining terms constitute the
balance” in Figure 6A. Each of these contributes to
aising the barrier (Figure 6B), although their local max-
Mechanism of Chloride Transfer in Halorhodopsin
623Figure 6. Energy Decomposition
(A) The total energy along path 2 (filled circles) is decomposed into
the retinal self-energy (open squares), the chloride/retinal interac-
tion energy (plus signs) and the remainder of the energy terms bal-
ance (open triangles).
(B) The balance term in [A] is decomposed into interactions of the
PROTEIN (everything except chloride and retinal) with chloride
(open circles), with retinal (X’s) and with itself (filled squares).
(C) The chloride energy (filled triangles) is the sum of two interac-
tion terms: Cl/retinal (plus signs, same as in [A]) and PROTEIN/Cl
(open circles, same as in [B]). The reaction coordinate λ is de-
scribed in Figure 4A, its value at the transition state is shown by a
vertical dashed line.ima occur shortly before, at, or shortly after the transi-
tion state (at λ = 0.36, λ = 0.44, and λ = 0.53, respec-
tively, for PROTEIN/Cl, PROTEIN/, retinal, and PROTEIN-
self), this out of phase behavior lowering their summed
contribution to the barrier. The positive value of these
terms at the transition state is due mostly to the strain
induced in the protein by the enlarging of the lumen,
adding at least 10 kcal/mol to the barrier. Indeed, the
potential energy of the chloride anion (composed of the
Cl/retinal and the PROTEIN/Cl terms) has only small
fluctuations along the path (Figure 6C), thus showing
that the chloride motion is relatively unhindered once
the opening of the lumen has been achieved. This
means that the process governing the rate of chloride
transfer is the thermally activated fluctuation of the pro-tein matrix that transiently opens the cavity of the lu-
men, the chloride then diffusing rather quickly past the
retinal. It has been recently proposed that a similar role
is played by cavity formation in bacteriorhodopsin,
where the transient opening and hydration of a hy-
drophobic shaft might be the rate-limiting step for pro-
ton transfer along that shaft (Friedman et al., 2003).
Molecular Valve Mechanism
The fact that the lumen opening adds more than 10
kcal/mol to the barrier of the chloride transfer, which
otherwise would be nearly barrierless, raises the ques-
tion of why the architecture of halorhodopsin did not
evolve a less constricted passage for chloride. As for
any pump, halorhodopsin must have some valve mech-
anism to prevent backflow in the resting state, i.e.,
chloride flow should be impeded while a given halorho-
dopsin molecule waits to be activated by the next pho-
ton. Two types of valves are conceivable, depending on
how they close: “check” valves, which impede flow in
only one direction, and “throttle” valves, which impede
flow equally in both directions. To test whether the acti-
vated lumen opening plays the role of a spring in a
throttle valve, the pathway for chloride passage past
all-trans retinal (i.e., the resting state between pumping
cycles) was computed. The resulting chloride route with
the lowest barrier is very similar to that described
above for path 2 and exhibits a similar dependence of
the barrier height on the amount of allowed protein flex-
ibility (as seen in Figure 4B). It involves the opening of
a lumen by the passage of the anion (not shown here,
available as movie). However, its energy barrier is 28
kcal/mol (red curve filled with circles in Figure 1D),
which corresponds to a timescale of hours. This indi-
cates that, in the resting state, chloride transfer toward
the cytoplasm is kinetically prohibited. Energy decom-
position reveals that flexible lumen opening contributes
about 10 kcal/mol to this barrier height. Thus, if the lu-
men were to be permanently open or its opening were
to require no energy, the barrier height of the chloride
transfer in the all-trans resting state would be only
28 − 10 = 18 kcal/mol. Taken relative to the state of
chloride in solution, whose energy (from the experimen-
tally determined dissociation constant of 10 mM,
Schobert et al., 1984) is 3 kcal/mol higher than that of
the bound chloride, the transfer barrier in absence of
the lumen opening energy would be only 18 − 3 = 15
kcal/mol (red dashed curve in Figure 1D). This corres-
ponds to a timescale of milliseconds, which would re-
present a high rate of chloride leakage. Thus, the forced
opening of the lumen slows down chloride backflow in
the resting state. This suggests that the constricted
passage past retinal plays the role of a kinetic valve: in
the all-trans state, chloride passage takes hours, so
that from a physiological point of view the valve can be
considered “closed” between pumping photocycles.
After the protein has been light activated, the 9 kcal/
mol energy barrier due to lumen opening in the high-
energy 13-cis state (blue curve in Figure 1D) still slows
down primary chloride transfer, but the microsecond
timescale is fast enough relative to other steps of the
photocycle so that the valve can be considered as
“open” during pumping. The flexible constriction thus
Structure
624plays the role of the spring in this molecular throttle s
Fvalve.
l
cStructural Basis of the Spring
mThe molecular movies of paths 1 and 2 show that chlo-
rride opens the lumen by moving between Trp112 (on
(helix C, Figure 1C) and Lys242 (on helix G), thereby
ipushing aside helix C (and to a lesser extent helix G).
TIndeed, decomposing the energy barrier into contribu-
ttions from individual residues (Figure 4D) reveals that
ttwo clusters of residues belonging to helices C and G
mare energetically responsible for most of the energy
rbarrier. Further decomposition shows that these resi-
cdues contribute mainly by an increase in their self-
denergy (i.e., the sum of interactions within the residue)
iand less favorable interactions with the protein, rather
tthan by less favorable interactions with the chloride.
iThis reflects significant strain of helices C and G,
swhose collective motion is necessary for the passage
topening. This motion is facilitated on helix C by a kink
r(see Figure 2B) present near Pro117 that confers a 310
hhelix conformation on residues 110–113, a structural
efeature that distinguishes halorhodopsin from other ret-
linal proteins (Essen, 2002). This kink is located at the
(level where the helix flexes most upon passage of the
rchloride, suggesting a role for this conserved proline as
ta predetermined “breaking point” that gives helix C the
flexibility required for the primary transfer step. A sim-
ilar bend in helix C was seen in a crystal structure of A
Othe L intermediate of bacteriorhodopsin (Edman et al.,
2004), in which the local flexibility necessary for the pri- o
rmary proton transfer is facilitated by a proline in a cor-
responding position. n
cAs a consequence of the lateral (i.e., in the mem-
brane plane) displacement of helices C and G, the vol- A
bume of the protein transiently increases as much as
135 Å3, as shown in Figure 5B. This is twice the volume t
oincrease of the internal cavities for lumen formation de-
scribed above (65 Å3, Figure 5A). Thus, the lumen does h
snot expand only at the expense of the constriction of
nearby cavities (Friedman et al., 2003), but rather is n
sformed by a concerted “breathing” motion of the pro-
tein in which the C and G helices move semirigidly. The o
tnet volume change accompanying the chloride transfer
(V = VProduct − VReactant) is nearly zero, consistent with t
cwhat has been measured for pharaonis halorhodopsin
by laser-induced optoacoustic spectroscopy (V = d
t1.73 Å3) (Losi et al., 2001) and with the dependence of
the photocycle kinetics on hydrostatic pressure (V = b
A0) (Váró et al., 1995a). The latter study leads to an esti-
mation of the activation volume V‡ of w47 Å3, signifi- A
tcantly less than the 135 Å3 transient volume increase
computed here for the halorhodopsin monomer. This t
suggests that a fraction of the lateral displacement of
helices C and G is absorbed by membrane fluctuations, D
which is plausible since the excess volume (135 − 47 =
88 Å3) is small, equivalent to the volume of about 3 I
water molecules. t
i
lRole of Ser115
That the Ser115 hydroxyl group accompanies the chlo- S
oride during the path suggests that this residue might
play an essential role in the primary chloride transfer ttep, as already proposed (Kolbe et al., 2000). However,
igure 4D shows that Ser115 does not contribute to
owering the energy barrier of transfer, but rather in-
reases it by 7 kcal/mol. This finding is consistent with
utational studies of the homologous pharaonis halo-
hodopsin, in which the mutation of residue Ser130
corresponding to Ser115) to alanine was found to not
mpede chloride transport (Sato et al., 2003a, 2003b).
o clarify the role of Ser115, MEPs for the primary
ransfer step were recomputed for the Ser115Ala mu-
ant. The path with the lowest energy barrier (8.7 kcal/
ol with the extended region mobile) still has the chlo-
ide passing on the “115-side” of retinal. The nearly un-
hanged barrier suggests that Ser115 is not important
uring the primary transfer step. Nevertheless, this ser-
ne is strictly conserved among halorhodopsins and
herefore must play another role. Indeed, when compar-
ng the Ser115Ala mutant to the wild-type, the reactant
tate is found to be destabilized by 5 kcal/mol relative
o the product state. This is due mostly to loss in the
eactant of the interaction between the chloride and the
ydroxyl group of Ser115, which is consistent with the
xperimental observation that the Ser130Ala mutation
owers the chloride affinity of pharaonis halorhodopsin
Sato et al., 2003a, 2003b) and indicates that the main
ole of Ser115 is to increase the affinity for chloride of
he binding site just below the retinal Schiff base.
sp238 Route
nly one MEP (path 4) was found with chloride passing
n the side of Asp238 (Figure 3B). Its high-energy bar-
ier of 41 kcal/mol (Table 1) means that this route is
ever taken. The molecular movie shows that, as the
hloride moves through the three-water cluster toward
sp238, the negatively charged side chain of the latter
ends away from the approaching anion. The chloride
hen passes between retinal and Tyr210 (on helix F)
pening a passage and thereby causing deformation of
elices F and G. At the transition state the chloride is
till close to Asp238, while the Schiff base twists by
early 90° so as to lower the barrier by establishing a
alt bridge with the chloride. Also, the hydroxyl group
f Tyr210 makes a hydrogen bond to the chloride
hroughout this high-energy phase of the path. Finally,
he retinal gradually untwists while the Schiff base ac-
ompanies the chloride to its product position. Energy
ecomposition reveals that the largest contribution to
he barrier is the unfavorable electrostatic interaction
etween the chloride anion and the negatively charged
sp238 (12 kcal/mol). No alternative MEP on the
sp238 side was found in which this unfavorable in-
eraction could be avoided, so that a chloride route on
hat side of retinal can be excluded.
iscussion
t has been shown here that for the primary chloride
ransfer step in halorhodopsin, collective motion of hel-
ces C and G is necessary to allow the transient en-
argement of a lumen near the Schiff base, on the
er115 side of retinal. This involves flexible deformation
f the protein up to 10 Å around the Schiff base, facili-
ated by a kink present in helix C. It has already been
Mechanism of Chloride Transfer in Halorhodopsin
625proposed that local deformation of helix C is involved
in chloride translocation by halorhodopsin (Essen,
2002) and in bacteriorhodopsin proton pumping (Ed-
man et al., 2004; Bondar et al., 2004), and that the pres-
ence of lipid molecules contribute to the elasticity of
helix C (Hamilton, 2004). Indeed, in the present chloride
transfer pathways palmitate is seen to accompany the
flexible motion of helix C (see molecular movies). The
calculated potential energy barrier of chloride passage
is 9 kcal/mol, consistent with experiments indicating
that the primary transfer occurs in about 1 s (see In-
troduction). Other kinetic models have suggested much
slower rates for the primary chloride transfer step (Di-
oumaev and Braiman, 1997), but the present results
show that chloride passage past retinal should be pos-
sible on the microsecond timescale. A more accurate
calculation of the transfer rate will require the determi-
nation of the activation entropy and a more realistic
preexponential rate factor than kBT/h to better account
for the damped nature of the collective helix motions
that are rate-limiting here. Preliminary calculations of
the normal modes in the reactant and the transition
state (data not shown) suggest that the vibrational en-
tropy change contributes to somewhat accelerate the
transfer rate (the formalism has been described pre-
viously by Fischer et al., 1998) in accord with the activa-
tion entropies measured for pharaonis halorhodopsin
(Váró et al., 1995a). This reflects the increased flexibility
of the protein at the transition state, probably due to a
poorer packing as suggested by the transient increase
in the protein volume, this effect superceding the re-
duced mobility of the chloride in the constricted pas-
sage during transfer.
In engineering, pump valves often possess a spring,
which keeps the valve closed and whose force must be
overcome during pumping. In the case of halorhodop-
sin, the force required to open the lumen for chloride
passage plays the role of the spring. This creates a ki-
netic valve that slows down chloride backflow in the
resting state of the protein, while allowing chloride
transfer during pumping without becoming the rate-lim-
iting step of the photocycle. This suggests that the pro-
tein architecture is designed so as to reconcile two
conflicting objectives: optimizing the productive pump-
ing and preventing unwanted ion leakage. Protein flexi-
bility may play a similar role in other pumps trans-
porting sterically demanding ions. A possible indication
for this may be when the crystal structure shows no
obvious passage for the ion, as is the case, for exam-
ple, in the Ca2+ ATPase (Lee, 2002; Sorensen et al.,
2004). Furthermore, there might be additional valves
(not necessarily kinetic ones) along the chloride path-
way in halorhodopsin. One such site has been sug-
gested for an analogous chloride pump, the Asp85Ser
mutant of bacteriorhodopsin, in which Arg82 (corre-
sponding to Arg108 in halorhodopsin) might function as
a dynamic gate in chloride uptake from the extracellular
side (Facciotti et al., 2003).
Path calculations performed here on the Ser115Ala
mutant suggest a role for Ser115 in tuning the affinity
for chloride of the binding site near retinal rather than
facilitating the chloride passage itself. An analogous
role is played by the corresponding residue in bacteri-
orhodopsin, Thr89, for which it has been shown thatthe photocycle of the Thr89Val mutant has wild-type
levels of proton transport (Marti et al., 1991). Similarly
to the present results on Ser115 in halorhodopsin, path
calculations in bacteriorhodopsin have shown that,
whereas proton transfer via Thr89 is possible in the
wild-type, the mutation to Val does not affect the en-
ergy barrier of the primary proton transfer step (Bondar
et al., 2004).
Experimental Procedures
Protein Structure
Protein coordinates were taken from the HR578 ground state crystal
structure (PDB entry 1E12; Kolbe et al., 2000), in which retinal is
all-trans and residues 25–261 are solved (the solvent exposed ter-
mini are disordered). While the naturally occurring protein is proba-
bly monomeric (Steiner and Oesterhelt, 1983), the trimeric arrange-
ment of the crystal was retained here since it has been observed
that the protein undergoes a normal photocyle in the crystal (D.
Oesterhelt, personal communication). Chloride transfer was simu-
lated in one of the monomers. In each monomer the palmitate and
45 buried crystallographic water molecules were included, while
surface water molecules were omitted. Hydrogen atoms were
placed with the HBUILD facility of the program CHARMM (Brooks
et al., 1983). Asp238 was considered to be deprotonated based on
pK1/2 calculations (Kolbe et al., 2000) and FTIR data showing that
the protonation state of aspartic residues in halorhodopsin does
not change upon chloride binding (Rotschild et al., 1998).
Energy Function
Calculations were performed with the CHARMM force field using
the all-atom parameter set 27 for the protein (MacKerell et al., 1998)
and for palmitate (Feller et al., 1997). The parameters used for chlo-
ride (Roux, 1996) and retinal (Nina et al., 1995) have been pub-
lished. The bond-torsion barriers for retinal were adjusted so as to
reproduce ab initio barriers computed for retinal analogs (Tajkhor-
shid et al., 2000). Nonbonded interactions were smoothly switched
off between 7 and 14 Å.
Atoms within a defined region around retinal were allowed to be
mobile, while the remaining atoms were kept fixed so as to avoid
perturbations of the protein structure unrelated to the chloride
transfer. The size of the mobile region was varied. The smallest
mobile region used consisted of 46 residues around the retinal plus
nearby water molecules (797 atoms) and is referred to as the core
region. A larger mobile region comprising the core region together
with atoms situated within 6 Å around it is referred to as the “ex-
tended region” (2178 atoms). Energy values given here were ob-
tained with the extended region unless otherwise specified.
To account for external, bulk-solvent screening effects, nonuni-
form charge scaling (NUCS) was applied to the system as pre-
viously described (Schwarzl et al., 2003). This method involves di-
viding each atomic partial charge by an individual scaling factor so
as to optimally reproduce the solvated interaction energy between
each group of atoms (such as a peptide group or a side chain)
and the rest of the protein as calculated by the Poisson-Boltzmann
equation. For this, the halorhodopsin trimer was placed into a low-
dielectric slab of 32 Å thickness (centered on the N atom of the
Schiff base) representing the membrane. The resulting scaling
factors for the retinal and chloride are essentially equal to 1 (i.e.,
their partial charges are unscaled).
Pathway Calculations
Minimum-energy paths (MEPs) were computed using the Conju-
gate Peak Refinement (CPR) algorithm (Fischer and Karplus, 1992)
as implemented in the TREK module of CHARMM. The advantage
of CPR is that it does not need the definition of an a priori reaction
coordinate, the degrees of freedom of all mobile atoms participat-
ing in an unconstrained manner. With this method, the mechanisms
of several complex reactions in proteins have been determined
(Dutzler et al., 2002; Bondar et al., 2004). CPR starts from an initial
guess of the path that consists of a series of structures connecting
the reactant to the product. Here, many initial guesses of the path
Structure
626for the primary chloride transfer were made, each one built by lin- F
Mear interpolation from the reactant state to some putative interme-
diate, and from there to the product state (Figure 3A). CPR refines h
Bthe initial path by automatically adding, removing, and optimizing
path intermediates until all energy maxima along the connecting F
path segments are first-order saddle points of the surface defined a
by the energy function. During all path refinements the initial inter- i
mediate was removed by CPR so that it is not present in the final 2
path (compare Figures 3A and 3B). The resulting MEPs contain on F
average 40 conformations. Chloride transfer pathways were com- s
puted also for ground state halorhodopsin with retinal in all-trans. t
For this, the energy-minimized crystal structure was taken as the
Freactant state, from which the product state was built by position-
iing the chloride in the Ser115 site.
B
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